background: Air pollution has been associated with reproductive complications. We hypothesized that declining air quality during in vitro fertilization (IVF) would adversely affect live birth rates. conclusions: The effects of declining air quality on reproductive outcomes after IVF are variable, cycle-dependent and complex, though increased NO 2 is consistently associated with lower live birth rates. Our findings are limited by the lack of direct measure of pollutants at homes and lab sites.
Introduction
Ambient air pollution has been associated with a wide range of effects on human health, including measurable decrements in lung function (Pope et al., 1991) , increases in respiratory symptoms and diseases (Peters et al., 1999) and mortality, primarily from cardiopulmonary causes (Goldberg et al., 2001; Wellenius et al., 2005 Wellenius et al., , 2006 Ostro et al., 2006) . Although there is ample literature from animal or human studies looking at surrogate reproductive outcomes, surprisingly little has been published on the effects of air quality on the critical outcome of human reproduction, i.e. live birth (Boone et al., 1999; Sram et al., 2005; Hackley et al., 2007) . There does, however, appear to be a causal relationship between air pollution and impaired reproduction in humans, including low birthweight and birth defects (Ritz et al., 2007) .
Data from human studies suggest that exposure to pollutants in early-to mid-pregnancy is associated with low birthweight (Lee et al., 2003) which has been attributed to the increased vulnerability of the fetus due to its physiologic immaturity (Sram et al., 2005 ). An embryo is even more vulnerable, especially outside its relatively sheltered uterine environment as occurs with assisted reproduction. The adverse effects of air quality on human reproduction are perhaps best illustrated by the link between smoking and infertility, pregnancy loss and increased maternal and fetal complications during pregnancy (Anonymous, 2008) . Results of a meta-analysis examining the outcome of assisted reproduction indicate that smokers require twice the number of IVF attempts to conceive as non-smokers (Feichtinger et al., 1997) . The data suggest that a preconception exposure can be harmful to pregnancy.
Short-term exacerbations in air quality have been associated with an increased frequency of cardiovascular events through unknown mechanisms. The proposed mechanisms between air pollution and adverse cardiac effects may also be applicable to human reproduction and IVF failure. These include (i) adverse effect on the autonomic modulation, (ii) systemic inflammation, (iii) oxidative stress and (iv) increased coagulation. Women undergoing a cycle of in vitro fertilization (IVF) represent a unique population for studying the effects of air quality on reproduction since they are generally subfertile, and therefore potentially more susceptible to environmental influences, similar to the people with underlying cardiovascular disease risk factors who experience events during periods of lesser air quality. Most of the key events in the IVF reproductive cycle are timed and triggered by the care giver, so an exact period of exposure can be determined, which is difficult for spontaneous reproduction where the time of ovulation and conception can only be roughly estimated. Determining the exact period of exposure can be critical in determining teratologic effects as the example of thalidomide demonstrates (i.e. only fetuses exposed 34-50 days after the last menstrual period experienced skeletal abnormalities) (Kajii et al., 1973) . Gametes and embryos are also uniquely exposed to ambient air during the IVF of oocytes and culture of embryos prior to their transfer to the uterus (Cohen et al., 1997) . Finally, much of the relevant data on the outcome of an IVF cycle in the USA including dates and outcomes are prospectively collected and reported by participating IVF programs to the Centers for Disease Control (CDC) as mandated by the federal government (Anonymous, 2007) .
The Environmental Protection Agency (EPA) monitors six criteria air pollutants [carbon monoxide, lead, nitrogen dioxide (NO 2 ), ozone (O 3 ), sulfur dioxide (SO 2 ) and particulate matter (PM)] through a network of nationwide monitors (US Environmental Protection Agency, 2004) . PM is composed of extremely small particles and liquid droplets, including acids, such as nitrates and sulfates, organic chemicals, metals and soil/dust particles. Smaller particles, especially particles that are ,10 mm in diameter (PM 10 ) are more likely to escape the defenses of the respiratory tract and travel farther into the lung to act locally or systemically. These small particles and ozone have been shown to be particularly deleterious to human health.
A recent smaller study from Sao Paulo in Brazil found an increased chance of pregnancy loss after both IVF and spontaneous conception in those exposed to the highest quartile of PM 10 concentrations during the follicular phase (other pollutants were not examined), supporting both a critical period of exposure and harmful effects on human reproduction (Perin et al., 2009) . We hypothesized that worsening air quality as determined by increased concentrations of the criteria pollutants in the ambient environment of women undergoing IVF would be associated with decreased pregnancy and live birth rates.
Materials and Methods
We examined the outcomes of the first cycle of 7403 female patients undergoing IVF from three centers: Penn State College of Medicine in Hershey, PA, USA; Shady Grove Fertility in Rockville, MD, USA and Columbia University College of Physicians and Surgeons in New York, NY, USA, for a 7-year period from 2000 to 2007. The timeline and events of an IVF cycle and the mean duration in days are depicted in Fig. 1 .
Subjects
This protocol was approved by the Investigational Review Boards at Columbia University and Penn State (which also served as the IRB for Shady Grove Fertility). We used de-identified data and only evaluated the first IVF cycle results of that couple at our centers in order to avoid the confounding that analysis of multiple cycles in the same individual elicits. Baseline characteristics of study subjects are reported in Table I .
Home and IVF clinic site geocodes
Patient home zip codes were obtained, and the coordinates (latitudes; longitudes) of the centroid of each zip code were assigned according to the US Census 2000 Federal Information Processing Standards (US Census Bureau, 2008) . The coordinates of IVF clinical centers were geocoded using ArcView (Redlands, CA, USA).
Air pollutant concentrations
All ambient criteria air pollutant concentration data recorded at monitors operating in the contiguous USA during the study period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) were obtained from the US EPA (Air Quality System, 2007) . The data included the longitude and latitude of each monitor. The data were cleaned and then used to fit national-scale, log-normal kriging with a spherical model for spatial interpolations to produce geocoded locationspecific daily mean concentrations of criteria pollutants (PM 2.5 , PM 10 , SO 2 , NO 2 and O 3 ) at the patient's home locations and IVF clinic centers for the entire study period (Liao et al., , 2007 Whitsel et al., 2006) . From these daily criteria pollutants concentration data, the daily concentrations of PM 2.5 , PM 10 , SO 2 , NO 2 and O 3 were calculated for each patient during the entire IVF cycle and pregnancy (Table II) and used to estimate the exposure matrix. We did not perform spatial interpolations on carbon monoxide as it is considered a local pollutant, or on lead since our geographic information system (GIS) models for this pollutant have not been validated in other studies .
Statistical analysis
We did not perform a formal power analysis to determine our sample size, as we had no adequate study performed in a human population to use as a model. On the basis of numbers used for mortality studies and our best estimate, we sought a preliminary sample size between 5000 and 10 000 unique individual cycles to address our hypothesis. Major patient characteristics were summarized as means, SDs and proportions. Pregnancy outcomes were binary (yes/no), including serum determination of pregnancy status 14 days after embryo transfer, detection of intrauterine pregnancy (IUP) by ultrasound, and live birth. Using negative binomial estimation, we also examined the number of oocytes retrieved and the number of embryos transferred to examine, respectively, possible gamete specific or embryo specific air pollution effects. The exposure matrix for each pollutant was analyzed as a continuous variable. Logistic regression models were used to assess the associations between exposures to criteria pollutants and IVF pregnancy outcomes, and results were expressed as odds ratios (ORs) and 95% confidence intervals (CIs) associated with 1 SD increment of each pollutant calculated from the daily pollutant concentrations over the entire study period anchored on the IVF centers (10 and 8 mg/m 3 for PM 10 and PM 2.5 , respectively, and 0.03, 0.01 and 0.02 ppm for SO 2 , NO 2 and O 3 , respectively), so that the strength of association for each different pollutant could be compared. Two types of models were used: single-pollutant models and multi-pollutants models. In the single-pollutant models, each pollutant was entered into the models individually. The multi-pollutants models were employed because the pollutants are interrelated. All statistical models were adjusted for patient's age, IVF center and the year and season of oocyte retrieval. We did not correct for current or past smoking history (which was unavailable in the database), prior IVF cycles in other centers or infertility diagnosis.
Results
Baseline characteristics of the subjects and their cycles are found in Table I . Mean concentrations for the pollutants did not vary significantly among the time segments of an IVF cycle (Table II) . We noted a consistent adverse effect of increasing concentrations of NO 2 on the odds of live birth at all time segments in an IVF cycle (Table III) , at home and at the IVF lab (Fig. 2) , with the largest effect size in the time period from embryo transfer to determination of pregnancy (OR ¼ 0.76, 95% CI 0.66 -0.86), although the time period from embryo transfer to the date of live birth was marginally significant (P ¼ 0.07). No significant effects were identified for SO 2 , although outcomes were consistently poorer with increasing SO 2 exposure, and this trend was nearly significant for IUP rates according to SO 2 concentration at the IVF clinic during the period of embryo culture (data not shown). The effects of ozone were bidirectional. Increasing levels of ozone during the period of oocyte maturation were associated with increased chance for a live birth (P ¼ 0.02), whereas after embryo transfer it was associated with a significantly decreased odds of live birth (P ¼ 0.002). To place the effects of 1 SD of the air pollutants in context, we noted in our population that a 1 year increase in age was associated with a decreased chance of pregnancy (OR 0.91, 95% CI 0.90 -0.92). Increasing PM 10 concentrations had no effect on IVF pregnancy outcomes. There was a significant adverse effect on conception and the chance for an IUP associated with increasing concentration of PM 2.5 at the IVF clinic during the period of embryo culture, although this trend was not statistically significant for live birth outcomes (Fig. 2) . As for the live birth outcome, there is no clear pattern of a consistent association of PM 2.5 and live birth at all time segments in an IVF cycle (Table III) . There were no significant associations between pregnancy and live birth with SO 2 or PM 10 at the IVF lab during the period of embryo culture, nor did we note significant associations between PM 10 or PM 2.5 at the patient home and these outcomes during the same period (data not shown). We repeated all models by grouping exposures into quartiles and deciles in order to detect the shape of Figure 1 Timeline of an IVF cycle from start of medications to induce ovulation to the end of pregnancy.
The varying periods of air quality exposure were calculated as follows: (A) average daily concentration at the patient's home from medication start with gonadotrophins to oocyte retrieval, (B) daily concentration on the date of retrieval and oocyte fertilization at the IVF clinic, (C1) average daily concentration at the patient's home from oocyte retrieval to embryo transfer, (C2) average daily concentration at the IVF clinic from oocyte retrieval to embryo transfer, (D) average daily concentration at the patient's home from embryo transfer to pregnancy test. This was set at 14 days. (E) Average daily concentration at the patient's home from embryo transfer until the end of pregnancy. Ultrasound to determine the location and presence of the pregnancy was performed 2 -4 weeks after embryo transfer. Air pollution and reproduction associations. In these models, we did not detect any significant deviation of a linear relationship between the exposures and the IVF outcomes (data not shown). We also used negative binomial estimation to analyze the exposure matrix in association with the number of oocytes retrieved (as a possible gamete specific air pollution effect) and the number of embryos transferred. None of the pollutants in the exposure matrix had a statistically significant effect (data not shown). We looked at the correlation between pollutants during the period from retrieval to transfer as that is the period when mother and embryos were separated. All were significantly correlated, the strongest was between particles of varying diameter (P , 0.01), the weakest between PM 10 and SO 2 (P , 0.001) (Table IV) . We created a series of two pollutant models to control for NO 2 and O 3 during the period from retrieval to transfer at the IVF lab on pregnancy or live birth (Table V) in order to identify the independent effects of these two gaseous pollutants. We choose these two pollutants in the multi-pollutants models because they showed most consistent associations with various IVF outcomes measures in the single-pollutant models. For the same reason, we choose to model the exposures during the period from retrieval to transfer, and modeled the exposures to these two pollutants at the IVF lab (instead of the patient's home locations). The choice of IVF lab-level exposures was also based on the biological plausibility of embryos been exposed to environmental pollutants during the in vitro incubation period. After controlling for O 3 , NO 2 continued to be significantly associated with IVF failure, including failure to achieve pregnancy, IUP and live birth. After controlling for NO 2 , O 3 was no longer significantly associated with IVF failure.
Discussion
Fluctuations in criteria air pollutants have varying and complex associations with assisted reproduction outcomes in an infertile population. We have observed the expected adverse association between increasing levels of select criteria pollutants, most clearly and consistently with NO 2 , and odds of pregnancy after IVF. In contrast, from the single-pollutant models, we noted unexpected positive associations between ozone levels and live birth rates at the patient address prior to embryo culture and after embryo transfer, followed by the anticipated negative association during the ongoing pregnancy. A. Average daily concentration from medication start to oocyte retrieval peri-conceptional period may be due to the confounding by NO 2 , i.e. that they are negatively correlated such that high O 3 is indicative of lower NO 2 , and thus the favorable association with latter improves pregnancy outcomes. This confounded association of O 3 is further substantiated from the multi-pollutants models, where the 'protective' effects of O 3 from single-pollutant models were diminished after controlling for NO 2 . However, the adverse NO 2 effects on pregnancy outcome remain significant even after controlling for O 3 in the multipollutants models. These findings underscore that criteria pollutants may have select effects at certain junctures of the IVF cycle (Perin et al., 2009) . Finally, some pollutants such as SO 2 or PM 10 have no discernible effects on pregnancy in this model. The absolute effects of air quality changes have a clinically significant impact in pregnancy outcomes (10-15% changes per 1 SD fluctuations in pollutants). This represents perhaps the clearest evidence to date of the potential impact of air pollution on conception and live birth in human reproduction.
The strength of our study includes the selection of an IVF population, allowing us to accurately time the key events in ovulation and fertilization. This is also a large sample size from a representative urban, suburban and rural population in the USA. Finally, the study design links data (both air quality by the US EPA and IVF results by the US Centers for Disease Control) that were collected prospectively and monitored in compliance with federal guidelines. The GIS-based estimation of ambient daily air quality using the EPA air quality data has been validated empirically (Liao et al., , 2007 , and used in population-based studies of air quality effects on cardiac responses Whitsel et al., 2009) . Our study has also focused on the primary outcome of infertility treatment, i.e. live birth, and not on surrogate markers of fertility such as gamete quality or genetic instability (Somers et al., 2002; Sokol et al., 2006; Yauk et al., 2008) , although our data suggest a preconceptional effect possibly mediated through gametes. Our study has several limitations. Though similar, IVF cycle protocols were not standardized among the centers. We did control for the center, the year and season of the oocyte retrieval and the age of the patient, which are the most important factors associated with success rates (Anonymous, 2007) . Our sample size is robust, but it is possible that with a larger sample size, we would have detected significant associations with other pollutants, such as PM 10 and SO 2 . We lack data on other pollutants not measured by the air monitors, or whether the patient or her husband smoked (although it is the routine policy of our programs to recommend and encourage smoking cessation during the IVF cycle). We have little information on the male partner, obviously equally vital to reproductive success, and our study lacks data on semen parameters on the day of fertilization. We did not examine the confounding role of other infertility diagnoses due to concerns about the accuracy of the reported diagnosis (Molinaro et al., 2009) , and the problem of multiple analyses from a limited data set.
We do not have precise records of the patient's or her partner's movements during an IVF cycle and how much time she or he spent at their home address or were outside exposed to ambient air. A recent study of pregnant women found that spatially resolved land-use regression models for the postal home zip code of the patient and ambient monitoring data were significantly, though moderately correlated (R ¼ 0.49 for nitric oxide), supporting the use of these models in epidemiological studies (Nethery et al., 2008) . We also do not know if the air quality of a controlled environment such as inside an IVF lab (or incubator) correlates with local ambient levels (Boone et al., 1999) , which were the primary exposures we analyzed in this report.
We did not find a specific threshold at which declining air quality triggered an adverse pregnancy rate, unlike the study of PM 10 from Brazil (Perin et al., 2009) ; rather, we noted a continuous effect. Our mean air quality is better than that reported in other studies of adverse reproductive outcomes from more polluted areas (e.g. We noted the most consistent negative associations and pregnancy after IVF with nitrogen dioxide. This gas is produced by combustion at high temperatures and originates primarily from motor vehicles, especially trucks. Indoors common sources are also from combustion such as gas stoves, vented appliances with defective installations, welding and tobacco smoke. Exposure has been associated primarily with respiratory symptoms and toxicity. Data linking it to mortality are not conclusive from long-term exposure studies, unlike other criteria pollutants. It is possible that women undergoing IVF are more exposed to NO 2 during a cycle given more frequent commuting to and from medical care because of monitoring visits and procedures. As our data indicate, there are also complex relationships between nitrogen dioxide, PM, and ozone in the ambient air (all of which were associated with reproductive outcomes in our study), making it difficult to single out one of these as the cause (World Health Organization, 2003; Air Quality System, 2007) . Air monitors may be less accurate for spatially heterogeneous air pollutants such as nitrogen oxides which may have much higher concentrations close to the source (Ritz and Wilhelm, 2008) .
We noted an association between small particle concentration and IVF failure only during the period of oocyte fertilization and embryo culture at the IVF lab and not at the patient address, implying this may be an effect related to exposure to ambient air or some lesser version of it in the IVF lab. Our effect size (10%) of 1 SD change in PM 2.5 (and the other pollutants) on reproduction is similar to that on mortality. In mouse reproductive studies, adverse air quality effects are effectively prevented through the use of high efficiency particulate air filtration (Somers et al., 2004) . Air filtrations systems are common in our IVF labs, which are tightly controlled environments (Boone et al., 1999) . Fine air particles are composed of a variety of compounds, including non-organic (sulfate, nitrate, ammonium and hydrogen ions, metals) and organic (polycyclic aromatic hydrocarbons), that can circulate systematically and influence gamete activation, fertilization and embryo development. In summary, we have shown that exposure to a range of air pollutants has a significant effect of modest magnitude (equivalent to 1 -2 years of increased maternal age per 1 SD variation) on the chance for conception after a cycle of IVF. These effects may not be applicable to the larger fertile population who conceives spontaneously without medical assistance or potential in vitro exposure of gametes and embryos to ambient air. However, as fertility rates fall in developed countries, assisted reproduction is responsible for a larger percentage of the birth rate. In Denmark, it is estimated that up to 7% of births now result from infertility treatment (Sobotka et al., 2008) , and a 3-month study in Massachusetts in 2005 showed 6.1% of live births were from infertility treatment (Lu et al., 2008) . Thus, this remains an important health issue, even if only relevant to assisted reproduction. We note also that IVF success rates in the USA have consistently improved, since annual reporting of results was instituted. These improving results may reflect innovative technology in the IVF arena (Anonymous, 2007) , but may also partially be influenced by improving air quality in the USA (Vandenberg 2005; Pope et al., 2009) . Our findings may therefore hold particular relevance to the developing world where utilization of IVF is growing exponentially, as the air quality of their urban areas progressively declines. Further studies with more detailed monitoring of air quality and exposure during reproduction, and of potential mechanisms are indicated.
